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ABSTRACT
We present a broadband imaging and spectral study of the radio bright supernova remnant (SNR)
3C 397 with ROSAT, ASCA, & RXTE. A bright X-ray spot seen in the HRI image hints at the presence
of a pulsar-powered component, and gives this SNR a composite X-ray morphology. Combined ROSAT
& ASCA imaging show that the remnant is highly asymmetric, with its X-ray emission peaking at the
western lobe. The hard band images obtained with the ASCA Gas Imaging Spectrometer show that
much of the hard X-ray emission arises from the western lobe, associated with the SNR shell; with little
hard X-ray emission associated with the central hot spot.
The spectrum of 3C 397 is heavily absorbed, and dominated by thermal emission with emission lines
evident from Mg, Si, S, Ar and Fe. Single-component models fail to describe the X-ray spectrum,
and at least two components are required: a soft component characterized by a low temperature and
a large ionization time-scale, and a hard component required to account for the Fe-K emission line
and characterized by a much lower ionization time-scale. We use a set of non-equilibrium ionization
(NEI) models (Borkowski et al. in preparation), and find that the fitted parameters are robust. The
temperatures from the soft and hard components are ∼ 0.2 keV and ∼ 1.6 keV respectively. The
corresponding ionization time-scales n0t (n0 being the pre-shock hydrogen density) are ∼ 6 ×10
12 cm−3
s and ∼ 6 × 1010 cm−3 s, respectively. The large n0t of the soft component suggests it is approaching
ionization equilibrium; thus it can be fit equally well with a collisional equilibrium ionization model.
The spectrum obtained with the Proportional Counter Array (PCA) of RXTE is contaminated by
emission from the Galactic ridge, with only ∼ 15% of the count rate originating from 3C 397 in the 5–15
keV range. The PCA spectrum allowed us to confirm the thermal nature of the hard X-ray emission. A
third component originating from a pulsar-driven component is possible, but the contamination of the
source signal by the Galactic ridge did not allow us to determine its parameters, or find pulsations from
any hidden pulsar.
We discuss the X-ray spectrum in the light of two scenarios: a young ejecta-dominated remnant of
a core-collapse SN, and a middle-aged SNR expanding in a dense ISM. In the first scenario, the hot
component arises from the SNR shell, and the soft component from an ejecta-dominated component.
3C 397 would be a young SNR (a few thousand years old), but intermediate in dynamical age between the
young historical shells (like Tycho or Kepler), and those that are well into the Sedov phase of evolution
(like Vela). In the second scenario, the soft component represents the blast wave propagating in a dense
medium, and the hard component is associated with hot gas encountering a fast shock, or arising from
thermal conduction. In this latter scenario, the SNR would be ∼ twice as old, and transitioning into the
radiative phase. The current picture we present in this paper is marginally consistent with this second
scenario, but it can not be excluded. A spatially resolved spectroscopic study is needed to resolve the
soft and hard components and differentiate between the two scenarios. Future CHANDRA & XMM data
will also address the nature of the mysterious central (radio-quiet) X-ray spot.
Subject headings: ISM: individual (3C 397) – stars: neutron – supernova remnants – X-rays : ISM
1. INTRODUCTION
In the standard scenario of a core collapse explosion of a
massive star, the bulk of the stellar envelope is ejected out-
ward at a high velocity, shocking the surrounding medium,
and forming a shell of diffuse emission, which is ultimately
observed as a supernova remnant (SNR) shell. The cen-
tral core collapses to form a neutron star, which may be
subsequently observed as a pulsar. SNRs are classified
according to their morphology as shells, plerions, or com-
posites. While the shells have a shell-like structure, and
represent the majority of SNRs (e.g. the Cygnus loop),
the plerions show a centrally bright morphology in radio
and X-rays (like the Crab), with no evidence of emission
from a shell. The composites have both a shell plus a
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centrally bright component. The X-ray emission from the
shell is in most cases thermal, and results from the shocked
swept-up interstellar medium (ISM), with a probable con-
tribution from reverse–shocked ejecta in young remnants.
The central X-ray emission in the plerionic composites is
non-thermal, and results from synchrotron radiation from
highly relativistic particles injected by the pulsar. As the
pulsar wind encounters the surroundings, it gets shocked
and forms the synchrotron nebula, seen as a plerion.
In the thermal composites, the central emission is ther-
mal, and arises mostly from thermal emission from the
swept up ISM. Rho & Petre (1998) refer to this class as
‘mixed morphology’ SNRs, to distinguish them from the
plerionic composites.
3C 397 (G41.1-0.3) is one of the brightest Galactic ra-
dio SNRs, and its classification remains ambiguous. In
the radio, it is classified as a shell-type SNR, based on its
steep spectral index α = 0.48 and shell-like morphology.
At 1 GHz, it has a flux density of 22 Jy (Green 1998),
ranking the 5th brightest among ∼ 100 remnants. The
distance to G41.1-0.3 has been estimated as greater than
6.4 kpc on the basis of neutral hydrogen absorption mea-
surements (Caswell et al. 1975). No absorption is seen at
negative velocities, locating the remnant closer than 12.8
kpc. An HII region lying ∼ 7′ west of the SNR is likely a
foreground object, and was located between 3.6 kpc and
9.3 kpc (Cerosimo & Magnani 1990). At a distance of 10
kpc, the linear size of the radio shell would be 7 × 13
pc2. High-resolution radio imaging of G41.1-0.3 (Becker,
Markert, & Donahue 1985; Anderson & Rudnick 1993) in-
dicates that the remnant brightens towards the Galactic
plane, and is highly asymmetric. It has the appearance of
a shell edge-brightened in parts, and lacks the symmetry
seen in the young historical SNRs, such as Cas A and Ty-
cho. 3C 397 is slightly polarized with an overall polarized
fraction of only 1.5%. Kassim (1989) derives an integrated
spectral index α = 0.4, with a turnover at a frequency less
than 100 MHz. The discrepancy between the spectral in-
dices derived by Kassim and Green is most likely due to
uncertainties in measuring the total flux density of 3C 397
at centimeter wavelengths, and is attributed to confusion
with the nearby HII region and the Galactic background.
Anderson & Rudnick (1993) investigate the variations of
the spectral index across the remnant, and find variations
of the order of δα ∼ 0.2 (α ∼ 0.5–0.7). The variations do
not coincide with variations in the total intensity. They
suggest that interactions between the expanding SNR and
inhomogeneities in the surrounding medium play a ma-
jor role in determining the spatial variations of the index
across the remnant. Dyer & Reynolds (hereafter DR 99),
while finding a similar magnitude of spectral index vari-
ations, did not confirm Anderson & Rudnick’s detailed
spatial results, suggesting that the variations are due to
image reconstruction problems or other difficulties.
3C 397 has no optical counterpart, and is not observed
in the UV probably because it lies in the Galactic plane.
An IRAS survey of Galactic SNRs (Saken, Fesen & Shull
1992) did not yield a positive identification of the SNR in
the far infrared.
In X-rays, 3C 397 was first detected with the EINSTEIN
Imaging Proportional Counter (IPC) and High-Resolution
Imager (HRI), showing two central regions of enhancement
(Becker et al. 1985), neither of which correlates with any
bright radio feature. The IPC data imply for a thermal
model an electron temperature kT ≤ 0.25 keV and NH ≥
5 × 1022 cm−2, implying an optical extinction, Av ≥ 22.5
(Gorenstein 1975). The quality of the data was however
poor, and clearly other models were not ruled out.
ROSAT observations of 3C 397 with the PSPC (Rho
1995, Rho & Petre 1998, DR 99) reveal 2.′5 × 4.′5 diffuse
emission, with central emission and an enhancement along
the western edge. Spectrally, thermal models are favored
over non-thermal models, which yield a very steep power
law index (Rho 1995). The spectrum is generally described
by a thermal plama with kT ∼ 1.7 keV. However the fit is
poor, probably due to a combination of abundance effects,
nonequilibrium ionization, and the unrealistic assumption
of a single temperature. 3C 397 has similar characteristics
to the ‘mixed-morphology’ SNRs, in that it has a centrally
bright X-ray morphology characterized by a thermal X-ray
spectrum; however, the quality of the ROSAT data and the
narrow bandpass of ROSAT does not allow for an accurate
determination of its X-ray emission mechanism. This left
its classification as a ‘mixed-morphology’ candidate highly
uncertain (Rho & Petre 1998).
Combined ROSAT HRI and high resolution radio im-
ages of 3C 397 (DR 99) reveal a more complicated mor-
phology. The SNR appears brightest along the western
edge of the shell, in both the radio and X-ray images.
Moreover, a bright spot was found with the ROSAT HRI,
at the center of the SNR shell, but not correlated with any
radio enhancement (Figure 12 in DR 99). No pulsations
are found to be associated with the X-ray hot spot.
In this paper, we present a broadband X-ray study of
3C 397 with the ROSAT, ASCA and RXTE satellites.
While ROSAT has the highest spatial resolution, ASCA
has the advantage over ROSAT in its broad bandpass
and higher spectral resolution, which allowed us to detect
strong emission lines typical of those seen in the spectra of
young SNRs. RXTE complements the other observations
with its higher energy coverage which allow us to to search
for a hard non-thermal component. A preliminary analysis
of the ASCA GIS data was performed by Keohane (1998)
and Reynolds & Keohane (1999), in order to obtain an
upper limit on a possible nonthermal component result-
ing from the extension of the radio spectrum including an
exponential cutoff in the electron distribution. The au-
thors found that the radio spectrum had to begin rolling
off around 3 × 1016 Hz in order to avoid exceeding the
continuum around 1 keV. Though they did not perform
extensive self-consistent spectral fitting, they found that
a very hard component was also necessary to explain the
continuum beyond a few keV.
The time resolution of RXTE (∼ 1 µs) allowed us to
search for pulsations down to the millisecond range. The
analysis of the data was however complicated by the con-
tamination of the source spectrum with the emission from
the Galactic ridge. The RXTE data have allowed us to:
1) confirm the presence of the hard component required to
fit the ASCA data and better constrain its parameters; 2)
find evidence of a third weak component, whose parame-
ters were poorly determined due to the contamination by
Galactic ridge; and 3) set an upper limit on the flux from
a possibly hidden compact source.
The paper is organized as follows: Section 2 summarizes
the observations. In Sections 3 & 4, we present the spatial
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and spectral results with ASCA and ROSAT. In Section 5,
we present the RXTE results. In Section 6, we summarize
the results from the timing analysis. We discuss the impli-
cations of our results in Section 7. Finally, we summarize
our conclusions.
2. OBSERVATIONS
2.1. ASCA
3C 397 was observed using ASCA (Tanaka, Inoue, &
Holt 1994) on 1995 July 4. We extracted the data from the
HEASARC public database, and present the observations
acquired with the Gas Imaging Spectrometer (GIS), and
the Solid State Imaging Spectrometer (SIS). The ASCA
detectors are sensitive to X-rays in the 0.4–10 keV range,
with a spectral resolution at 6 keV of 2% for the SIS and
8% for the GIS (∼E−1/2). The point spread function of
the GIS alone is a Gaussian with a full width at half max
(FWHM) of 30′′ (at 6 keV, ∼E−1/2). The intrinsic spatial
broadening of the SIS detectors is negligible compared to
that of the X-ray telescope (XRT). Therefore the spatial
resolution of the detectors is limited by the point spread
function of the X-ray telescope, which has a relatively
sharp core (FWHM of 50′′ ), but broad wings (50% en-
circled radius of 1.′5).
The data were screened using the standard process. The
pointing is at α = 19h 07m 43.s20, δ = 07◦ 13′ 5.′′9 (J2000).
The observations were performed using the standard time
resolution: 0.5s for medium bit rate, and 62.5 millisecond
for the high-bit rate. The SIS data were acquired in 1-CCD
mode, and read out every 4s. For the timing analysis, we
use the GIS high-bit rate data. For the spectral analysis,
we use both the SIS and GIS data in high-bit rate mode.
We note that Chen et al. (1999) have reported the analysis
of the same ASCA SIS data. In their paper, the authors
use a blank sky field for background subtraction. In our
paper, we subtract the background from the same field.
This method is more appropriate since 3C 397 lies in the
Galactic ridge, and removing any contamination from the
ridge is necessary before drawing any conclusion on the
source spectrum. Furthermore, in addition to the SIS, we
analyze the GIS data which are more appropriate than the
SIS for studying the hard component.
2.1.1. ROSAT
In order to better understand the origin of the X-ray
emission, we compare the ASCA images with the high-
spatial resolution images obtained with ROSAT, sensitive
in the ∼ 0.1–2.0 keV energy range. 3C 397 was observed
with the High-Resolution Imager (HRI) on several occa-
sions in 1994, and with the Position Sensitive Proportional
Counter (PSPC) on 1992 October 28 for ∼ 4 ksec. The
ROSAT data have been analysed and presented elsewhere
(Rho 1995, DR 99). To generate the ROSAT images, we
extracted the data from the HEASARC public database.
For the HRI, we used the longest exposure (52.3 ksec),
performed on 1994 October 14. The ROSAT pointing is
at α = 19h 07m 33.s60, δ = +07◦ 08′ 24′′ (J2000).
2.2. RXTE
3C 397 was observed on six occasions between 1997 De-
cember 3, and 1997 December 8 for an effective exposure
of 58.4 ks. The 1◦ FWHM field of view (FOV) of RXTE is
pointed at α = 19h 07m 34.s99, δ = 07◦ 07′ 14.′′9 (J2000).
The Proportional Counter Array (PCA), consists of 5 col-
limated Xenon Proportional Counter detectors with a to-
tal area of 6,500 cm2, an effective energy range of 2–60
keV, and an energy resolution of 18% at 6 keV (Jahoda et
al. 1996). The HEXTE (Gruber et al. 1996) instrument
consists of two clusters of collimated NaI/CsI phoswich de-
tectors with an effective area of ∼ 800 cm2 and an effective
energy range of 15–250 keV.
In this paper, we report the observations with the PCA.
The HEXTE count rates are background dominated, and
were not included. For the spectral analysis, we use the
data in the standard-2 mode, which provide spectral infor-
mation. For the timing analysis, we use the Good Xenon
modes which provide the highest time resolution (∼1 µs).
3. SPATIAL ANALYSIS
The ASCA pointing is ∼ 5′ offset from the cen-
tral “hot spot” detected with the ROSAT HRI.
We generate images of 3C 397 corrected for expo-
sure and vignetting. We use the routine, ascaexpo,
which calculates the net exposure time per sky pixel
(http://heasarc.gsfc.nasa.gov/docs/asca/abc/). The total
time seen by each sky pixel on the detector is computed us-
ing an instrument map (generated with ascaeffmap) and
the reconstructed aspect. The output exposure map is
subsequently used to normalize the sky image. In Fig-
ure 1, we show the generated images in the soft (0.5–4.0
keV) and hard (4–10 keV) energy bands of the GIS. The
effective exposure is 50.7 ksec (both GIS detectors), and
the images are smoothed with a Gaussian with σ = 45′′ .
At the harder energies, the emission shows an elongation
nearly perpendicular to the Galactic plane. In Figure 2,
we compare the ROSAT HRI image (left panel) and the
hard band GIS image (right panel). The brightest features
in the ROSAT image, seen at ∼ 1′–2′ east and west of the
central hot spot, correlate with enhancements in the radio
shell (DR 99). It is clear that these small scale features
seen with the HRI cannot be resolved by the GIS. However,
the overall morphology of the GIS image shows an elon-
gation along the axis joining the hot spot with the bright
radio edges. The hard emission peaks at the western lobe,
and is not centrally peaked at the HRI hot spot (denoted
by a cross), as would be expected from a plerionic com-
posite. In Figure 3, we overlay contours from the SIS hard
band on the ROSAT PSPC image. The SIS contours are
correlated with the PSPC intensity map, and again sug-
gest that the hard emission peaks at the western lobe, with
some fainter emission associated with the central spot and
the eastern lobe. While the GIS is more sensitive than the
SIS to the hard X-ray band (E ≥ 4 keV), the SIS has a
higher efficiency at the softer energies. We subsequently
examine the softness ratio, defined as 0.5−2(keV )2−4(keV ) , with the
SIS. In Figure 4, we show the resulting image (left panel),
with the total soft band (0.5–4 keV) image obtained with
the SIS (right panel). The HRI contours are overlayed on
both images, to show that there is an enhancement of soft
emission from the central region.
4. SPECTRAL ANALYSIS: ASCA
To study the X-ray spectrum, we have extracted events
from a circular region of radius ∼ 7′ from the GIS field,
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encompassing the entire SNR. For the SIS which has a
smaller FOV than the GIS, 3C 397 fills a large fraction of
the chip, and extends to the edges of the CCD along the
direction perpendicular to the Galactic plane. We have ex-
tracted the source events from a circular region of radius
∼ 4.2′ to avoid the CCD chip boundaries. Since 3C 397 lies
∼ 0.3◦ below the Galactic plane, and only 41◦ in longitude
from the Galactic center, the source spectrum is expected
to be contaminated by emission from the Galactic ridge.
The large FOV of the GIS allowed us to extract a back-
ground spectrum from the same field. For the SIS, it was
also possible to extract a background (of radius ≤ 1′) from
the same chip, since 3C 397 does not fill the FOV along
the direction parallel to the Galactic pane. This method
of background subtraction has the advantage of providing
the most accurate model of any spatial or temporal con-
tamination which would affect the spectral analysis. While
the extracted SIS spectrum contains most of the emission
from the SNR, it is possible that we are missing part of the
source flux. This was taken into account by introducing a
relative normalization between the SIS and the GIS spec-
tra. Throughout the paper, we perform the flux estimates
from the different components of the SNR using the GIS.
The background subtracted count rates in the 0.6–9 keV
energy range are 0.524 ± 0.005 counts s−1 and 0.613 ±
0.005 counts s−1 from GIS2 and GIS3 respectively. The
corresponding SIS0 and SIS1 count rates are 0.768 ± 0.007
counts s−1 and 0.580 ± 0.007 counts s−1 respectively.
In the following, we present our spectral results for both
the SIS and GIS data. We fit the SIS data in the 0.6–9 keV
range, and the GIS over the 0.8–9 keV band. We disregard
energies above 9 keV due to the poor signal-to-noise ratio.
We combine the SIS and GIS data to show a joint fit, to
which we subsequently add the RXTE PCA data.
4.1. Single-component models
The SIS and GIS spectra are clearly dominated by emis-
sion lines, with strong emission from Mg, Si, S, and Ar; the
most prominent feature is the Fe-K line. We have first at-
tempted to fit the spectra with Raymond-Smith (RS, Ray-
mond & Smith 1977) and MEKAL (Mewe, Gronenschild,
& van den Oord 1985; Liedahl et al. 1990) models, which
are appropriate for modeling plasma in collisional equi-
librium ionization. A single-component collisional equi-
librium ionization model with solar abundances does not
yield an acceptable fit (reduced chi-squared χ2ν = 6.7, ν =
735, ν being the number of degrees of freedom).
We subsequently used Sedov models (Hamilton, Sarazin,
& Chevalier 1983, hereafter HSC 1983, Borkowski et al., in
preparation) which follow the time-dependent ionization of
the plasma in a supernova remnant evolving according to
Sedov self-similar dynamics. These models are especially
important for describing the emission from SNRs whose
age is smaller than the time required to reach ionization
equilibrium. They are a subclass of non-equilibrium ion-
ization (NEI) models, and include the range of tempera-
tures found in a Sedov remnant. They can therefore ac-
count for the hotter X-ray emission expected to originate
from the inner parts of such SNRs. The modifications in-
troduced by Borkowski et al. (in preparation) include im-
proved atomic data (in particular, Fe L-shell line data are
based on theoretical calculations by Liedahl, Osterheld,
& Goldstein 1995) and the possibility of describing plas-
mas without electron-ion equipartition, including an in-
complete heating of electrons at a blast wave. The models
are characterized by three parameters: the shock temper-
ature Ts, the post-shock electron temperature Te (≤ Ts),
and η = n20E, which characterizes the rate at which the
plasma relaxes to ionization equilibrium (n0 is the hydro-
gen number density in the unshocked ambient medium,
and E is the explosion energy). An equivalent parameter
to η is the ionization time-scale n0t = 1.24 × 10
11 η
1/3
51
T
−5/6
s,7 (cm
−3 s), where η51 is η in units of 10
51 erg cm−6,
and Ts,7 is the shock temperature in units of 10
7 K. We
find that the Sedov model provides a better fit, but only
accounts for the X-ray emission up to about 4 keV. Even a
Sedov fit with non-equipartition (Te 6= Ti; where Te and Ti
represent the electron and ion temperatures respectively)
does not provide a satisfactory fit to the hard component.
In Figure 5, we show the single-component Sedov fit, char-
acterized by an interstellar absorption NH = 2.75 × 10
22
cm−3, a temperature kTs = 0.15 keV, and an ionization
parameter of n0t = 1.86 × 10
12 s cm−3 (χ2ν = 2.89, ν =
734).
Varying the metal abundances within the MEKAL or
the Sedov models improves the fits. However, the models
still do not account for the hard X-ray emission (above 4
keV), and the fits are unacceptable (χ2ν ≥ 2.6).
4.2. Two-component models
While the single-component models account for the X-
ray emission at energies below about 4 keV, they fail to
fit the higher energy component (Figure 5). This result
was also found by Chen et al. (1999). We note that even
though the Sedov model does include higher-temperature
gas from the remnant interior, this model does not ac-
count for the hard component. In particular, the most
prominent emission line near 6.55 keV is not accounted
for, indicating that the Fe-K line region cannot be ex-
plained by the same component responsible for the Fe-L
emission, and must be characterized by different ionization
parameter values. This result was also found in the young
ejecta-dominated SNRs such as Tycho (Hwang, Hughes,
& Petre 1998), Cas A (Borkowski et al. 1996) and Kepler
(Tsunemi, Kinugasa, & Ohno 1996).
In order to characterize the hard component, we first
fit the data in the 4-9 keV range with a thermal
bremsstrahlung (TB) model plus a Gaussian to account for
the Fe-K emission line. The centroid of the Fe-K line is at
E = 6.55 keV (6.51–6.60, 3σ), and the TB temperature is
kTh = 2.5 keV (1.6–4.2, 3σ). For a collisional equilibrium
ionization model, such as Raymond-Smith, the centroid of
the strongest Fe-K lines should be ∼ 6.7 keV (He-like) and
∼ 6.95 keV (H-like). The low fitted centroid energy indi-
cates that the hard component has not reached ionization
equilibrium (Borkowski & Szymkowiak 1997), and should
be characterized by a NEI model.
We use a number of NEI models (Borkowski et al., in
preparation), which are now released in XSPEC 11:
• PSHOCK , which comprises a superposition of com-
ponents of different ionization ages appropriate for
a plane-parallel shock. This model is characterized
by the constant electron temperature, Te, and the
shock ionization age, n0t (where n0 is the pre-shock
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density, and t is the age of the shock; the post-shock
density is constant).
• NEI , a constant-temperature, single-ionization
time-scale NEI model.
• SEDOV , a NEI model based on the Sedov dynamics,
which includes a range of temperatures, as described
above.
A proper definition of ionization time-scale is the prod-
uct of postshock electron density ne and age t, because
the plasma ionization state depends on
∫
nedt. This is
the parameter which enters any NEI model, including the
models just mentioned. But the quantity of most interest
here is n0t, which is equal to net/4.8 for cosmic abundance
plasma and the strong shock Rankine-Hugoniot jump con-
ditions; n0 here includes only Hydrogen. For convenience,
we refer to both net and n0t as the ionization time-scale
throughout this work.
In the 4–9 keV energy range, ASCA data are fitted
equally well with NEI and PSHOCK models with the solar
Fe abundance. With the PSHOCK model, we obtain kTe
= 2.45 (1.8–4.2) keV, n0t = 3.1 (1.5–8.3) ×10
10 cm−3 s,
and χ2ν = 1.0 (ν=145). As expected, the electron temper-
ature in the PSHOCK model is equal to the TB tempera-
ture, and the plasma is underionized.
We then fit the entire energy range (0.6–9 keV) with
various two-component models, using current NEI models
mentioned above, and we show the results in Table 1. In
fitting the data, we added a Gaussian near 3.1 keV to ac-
count for the emission line from Argon, since current NEI
models do not include emission from this element. Since
the soft component is characterized by a relatively long
ionization time-scale (n0t ∼ 10
12 cm−3, previous section),
we can represent it using a MEKAL model. We also rep-
resented the soft component with the SEDOV model, but
because these fits are significantly worse (with a reduced
χ2 > 2) we do not include them in Table 1. The harder
component is characterized by a lower ionization time-
scale, and it is necessary to fit it with a NEI model. From
Table 1, we find that independently of the NEI model used,
the fitted temperatures, ionization time-scales, and emis-
sion measures (EM) are in reasonable agreement. The
best fit two-component NEI model, PSHOCK +PSHOCK
, yields NH = 3.21 × 10
22 cm−2, kTl = 0.19 keV, kTh =
1.52 keV, n0tl =5.6 × 10
12 cm−3 s, and n0th = 6.0 × 10
10
cm−3 s; where l and h refer to the low-temperature and
high-temperature components respectively. The fit yields
a reduced χ2 of 1.37 (for 729 degrees of freedom). In Figure
6, we show the ASCA data fitted with the corresponding
model.
We note that when fitting the hard component with
a SEDOV model (with the soft component fitted with
MEKAL or PSHOCK ), we use both equipartition (Te=Ti)
and non-equipartition (Te 6=Ti) models. We find that the
non-equipartition model improves the fit, and the corre-
sponding parameters are: kTs=1.73 keV, kTe=0.86 keV,
n0t=9.6×10
10 (cm−3 s). In Figure 7, we show the confi-
dence levels for the electron temperature, Te, versus the
shock temperature, Ts. For shock speeds and ionization
timescales derived for the hot component, Coulomb heat-
ing is effective, and the mean electron temperature in the
shocked gas is much larger than the postshock electron
temperature Te, and equal to about 1.5 keV.
The hot component temperature in all two-component
fits is lower than the temperature of 2.45 keV derived from
fitting the hard (4–9 keV) component independently (us-
ing PSHOCK with solar abundances). In addition, two-
component models always produce too few counts at high
energies. We believe that this is caused by presence of
multi-temperature plasma in 3C 397, with temperatures
in the range 0.17 keV – 2.5 keV, a likely possibility in
view of the complex morphology of 3C 397. Because
two-component fits are apparently too simple to describe
ASCA spectra, we attempted to fit a three-component
model. This has not resulted in a better fit, presumably
because the description of multi-temperature plasma in
terms of just 3 components might still be grossly inade-
quate, while giving us too many parameters to be reliably
determined from the spatially-integrated X-ray spectrum
alone. More complex multi-component models might give
a better fit, but the problem with a large number of param-
eters remains, so that we did not pursue multi-component
fitting beyond a 3-component model.
4.3. Abundances
Varying the metal abundances improves the spectral
fitting, indicating that at least part of the X-ray spec-
trum may be associated with an ejecta component. Using
the MEKAL +PSHOCK model, we froze the abundances
of the hard component at their solar values, and varied
the abundances of the elements producing strong lines in
the soft component. We find that the absolute value of
the abundances of the individual elements are highly un-
certain, while their relative values are nearly the same.
Therefore, we indicate their ratio relative to Si, relative
to solar (given by Anders and Grevesse 1989). Using the
VMEKAL model (MEKAL with variable abundances) for
the soft component, we allow for the abundances of O,
Ne, Mg, Si, S, Fe and Ni to vary, with Fe and Ni tied to-
gether. We find that the fit improves by a ∆χ2 = 324,
and yields OSi=4.0 (3.0–5.8),
Ne
Si =5.8 (2.6–9.7),
Mg
Si =1.3
(0.9–1.9), SSi=22 (17–28),
Fe
Si=1.7 (0–4.3) (2σ, χ
2
ν=1.16,
ν=728). The apparent high S abundance might be an
artifact of the models used, because the S line is in the
energy range where X-ray spectra from the low- and high-
temperature components overlap.
We also investigated the abundances of the hard compo-
nent, by fitting the soft component with a MEKAL model
(with solar abundances), and using VPSHOCK for the
hard component (PSHOCK with variable abundances).
We fix H, He, C, N, and O to solar; we tie Ni to Fe;
and allow for Mg, Si, S, and Fe to vary. We find that the
fit improves by ∆χ2 = 280, and yields kTh = 1.39 keV,
Mg=2.5⊙, Si=0, S=1.33⊙, Fe=Ni=1.49⊙. While varying
the abundances in this way does improve the fit, the infer-
ence of strong Mg and Fe, but no Si, suggests that other
possibilities for explaining the less-than-ideal fit, such as
the presence of multi-temperature plasma, should be ex-
amined. We already know that the hard component tem-
perature is lower in the two-component fits than from fits
to high energy (> 4 keV) data alone. An underestimate
of the temperature of the hard component would under-
estimate the continuum, which would in turn artificially
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boost the abundances from this component.
We also tied the abundances of the soft and hard com-
ponent and allowed them to vary. We used VMEKAL and
VPSHOCK to represent the soft and hard component re-
spectively. We fix H, He, C, and N to solar; we tie Ni to
Fe; and allow for O, Ne, Mg, Si, S, and Fe to vary. The fit
yields a χ2ν= 1.16 (ν=728) with the following abundance
ratios: OSi = 3.2 (2.6–4.1),
Ne
Si = 2.3 (0.05–3.1),
Mg
Si =
1.2 (0.8–1.4), SSi = 2.9 (2.5–3.3),
Fe
Si = 1.8 (1.4–2.3); the
ranges are at the 90% confidence level.
In view of a possible presence of a low-temperature
ejecta component in 3C 397, one might inquire about the
type of the supernova (SN) progenitor, by examining in
more detail the abundances determined from fitting the X-
ray spectrum. Numerical models for the nucleosynthetic
yield as a function of the progenitor’s mass have been cal-
culated by Tsujimoto et al. (1995) and many others. The
models predict approximately solar abundances of O and
Ne with respect to Si for core-collapse SNe. For type Ia
explosions, the calculations of Nomoto et al. (1984) indi-
cate negligible O, Ne, and Mg abundances (with respect
to Si), and a large Fe to Si ratio. The high interstellar ab-
sorption towards 3C 397 did not allow a direct detection
of the O and Ne lines in the ∼ 0.7–1 keV range. However,
since these elements also provide recombination contin-
uum emission, a large O (and Ne) to Si ratio was shown
to improve the fit to the soft component. Since the O, Ne,
and Fe abundances are a good indicator for the type of the
SN explosion, we have tested for their ratio relative to Si
(relative to solar) by:
• Allowing O, Ne, Mg, and Si to vary independently,
using the VPSHOCK model. The χ2 value decreases
from 1,053 to 1,003 (ν=729) and yields the following
ratios: OSi = 2.8,
Ne
Si = 2.8,
Mg
Si = 2.2.
• Setting O to zero, a value consistent with a type Ia
yield, keeping the Fe abundance frozen to solar. The
fit does not improve (χ2=1,078, ν=729), and yields
Ne
Si = 1,
Mg
Si = 2.
• Setting O to zero and allowing Fe to vary. The fit
requires no Fe (FeSi ≤1.3, 2σ), with
Ne
Si = 1.5,
Mg
Si =
1.1; and a χ2=1008 (ν=728).
• Forcing a large Fe (Fe ∼ 100⊙) as expected from a
type Ia yield, and allowing O, Ne, Mg, and Si to vary.
The fit gives a χ2 = 1058 (ν=72= 9), and necessi-
tates very large O, Ne, and Mg abundances relative
to Si.
• Finally, allowing O, Ne, Mg, Si, S, and Fe to vary,
and tying Mg, Si, and S, we find OSi = 1.95,
Ne
Si =
1.67, and FeSi = 0 (≤0.6, 2σ); χ
2 = 1025, ν=728.
We conclude that the abundance ratios with respect to
Si are certainly inconsistent with a type Ia yield, but they
are consistent with an explosion of a massive progenitor.
A large S/Si ratio, ∼ 4.4, obtained by varying the S abun-
dance, is inconsistent with both SN types. We already
mentioned that the large S abundance might be an artifact
of the models used. Although the inferred overabundances
of heavy elements are substantial (larger than in the well-
known SNR Cas A), the evidence for enrichment of heavy
elements is of circumstantial nature, and a more definite
conclusion about the SN progenitor will probably require
the kind of spatially resolved spectral data that the new
generation of X-ray telescopes will provide.
5. RXTE RESULTS
5.1. Background
The RXTE PCA instrumental background consists
of internal background as well as the background
due to cosmic ray flux and charged particle events.
We use the latest background model developed for
the analysis of faint sources with the PCA. This
model (L7/240) accounts for activation in the PCA
(http://lheawww.gsfc.nasa.gov/∼stark/pca/pcabackest.html).
In Table 2, we list the background-subtracted count rates
in the 2.5–20 keV range for the various observation inter-
vals. We use the XTE/PCA internal background estima-
tor script pcabackest v2 .0c in order to estimate the PCA
background. We disregard energies below 5 keV, in order
to avoid the instrumental Xenon-L edge seen in the 4.5–
5 keV range. To avoid uncertainties in the background
subtraction at the higher energies and to maximize the
signal-to-noise ratio, we analyze the PCA data up to 15
keV only.
In addition to the instrumental background, we have
to account for the emission from the Galactic ridge. Fol-
lowing Valinia & Marshall (1998, hereafter VM 98), we ap-
proximate the ridge emission with a two-component model
consisting of a power law with a photon index, ΓGR, plus
a Raymond-Smith thermal plasma with a temperature,
kTGR. We allow these parameters to vary within the range
determined by VM 98. In order to determine the normal-
ization, we examine the scans of the Galactic ridge for a
latitude of -0.25◦, and within longitudes 30◦ and 50◦ (after
removing the bright sources). We also examine the back-
ground region selected from the ASCA GIS field of view,
and fit its spectrum combined with the RXTE spectrum
using the two-component model described above. The cor-
responding flux is subsequently used in modeling the over-
all spectrum of 3C 397. We find that only ∼15% of the
total PCA count rate originates from 3C 397 in the 5–15
keV range. The flux is dominated by the emission from the
ridge, since RXTE has a large FOV and lacks the spatial
resolution needed to resolve the emission from 3C 397.
5.2. 3C 397
In fitting 3C 397, we freeze the power law index and
the RS temperature of the Galactic ridge, and allow its
normalization to span the 3σ range determined with the
method described above. The spectral fitting with the
PCA is insensitive to the soft component (which domi-
nates up to ∼ 2 keV), therefore we represent it by the
MEKAL model. For the hard component, we use the
PSHOCK model and find that its parameters are consis-
tent with the ASCA fit. We find that a broad Gaussian
line is needed to account for the Fe-line feature seen in the
PCA spectrum. It is possible that this line is associated
with the background in the field of 3C 397. The lack of
spatial resolution, and the uncertainties in the ridge model,
leave its origin uncertain. The PSHOCK model describing
3C 397 hard component yields kTs= 1.50 (1.46–1.54, 3σ)
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keV, and n0t= 7.1 (5.3–9.6)×10
10 (cm−3 s). The corre-
sponding observed flux from 3C 397 Fx(5–15 keV) = 3.22
× 10−12 erg cm−2 s−1; which corresponds to a luminosity
Lx(5–15 keV) = 4.0 × 10
34 D210 erg s
−1. The fit yields a
χ2ν=1.68 (ν=769). In Table 3, we summarize the results
of this fit, and in Figure 8 we show the corresponding fit
to the combined SIS, GIS, & RXTE spectra, using the
MEKAL +PSHOCK model in the 0.6–15 keV band, and
allowing the relative normalization to be a free parameter.
We have further tested for the parameters of the hard
component, independently of the soft component, by fit-
ting the ASCA hard band only (4–9 keV) and the PCA
spectrum (5–15 keV band), using a PSHOCK model. A
broad Gaussian line was again needed to account for the
Fe-line seen in the PCA spectrum. The PSHOCK model
describing the hard emission from 3C 397 yields kTs = 2.3
(2.1–3.1) keV, and n0t = 3.1 (1.5–6.3) ×10
10 (cm−3 s),
with a χ2ν=1.08 (ν=170). These parameters are consistent
with the fit to the ASCA hard (4–9 keV) band described
previously, and better constrained.
5.3. Non-thermal emission?
The emission from 3C 397 is more complicated than can
be simply described by a two-component thermal model,
partly because the emission from the central region ap-
pears at both energy bands. This might be an indication
of the presence of an additional unresolved component,
possibly non-thermal, hinting at the presence of a plerion.
In addition, the GIS image in the hard energy band (4–9
keV) shows that the overall morphology of the remnant
follows the radio and X-ray enhancements seen in the ra-
dio and HRI image (see Figure 2), indicating that part of
the flux could be non-thermal and associated with highly
energetic electrons accelerated at the SN shock.
While the Fe-K emission line at 6.55 keV indicates that
the hard component is dominated by thermal X-ray emis-
sion, a non-thermal component might be hidden under-
neath. To determine an upper limit on this component,
we fit the hard band (4–9 keV) with a power law model,
plus a Gaussian line to account for Fe. The fit yields a
photon index, Γ = 3.4 (2.5–4.5, 3σ) and a reduced χ2ν=1.0
(ν=143).
We also fitted the entire 0.6–9 keV range of the ASCA
data with a two-component model: MEKAL to account
for the soft component, and a power law or a synchrotron
model, SRCUT , to represent the hard component. A
Gaussian line was also added near 6.55 keV to account
for Fe-K emission. The synchrotron model, SRCUT , is
more appropriate for describing synchrotron X-ray emis-
sion from SNRs than a power law. It models the particle
spectrum cutting off exponentially, and is parameterized
by the radio spectral index and flux density, and a charac-
teristic roll-off frequency, νroll (Reynolds 1998; Reynolds
and Keohane 1999). This gives the sharpest plausible roll-
off in a synchrotron spectrum, while the power-law model
has no roll-off at all. A true synchrotron description should
lie between these extremes. In Table 4, we summarize the
parameters of these fits. The MEKAL + POWER law
and MEKAL +SRCUT models yield poorer fits than the
MEKAL +PSHOCK model (χ2ν = 1.75–1.95), as they do
not account for the line emission from Sulfur or Iron.
We subsequently added the PCA spectrum to test for
non-thermal emission in the 5–15 keV band. Fitting the
ASCA and the PCA data in the 0.6-15 keV with aMEKAL
+ POWER law model, plus Gaussian lines to account for
the emission from Argon and Fe-K, yields a power law
index Γ=4.23 (4.15–4.31, 3σ), and a reduced chi-squared
χ2ν=1.79 (ν=763). This model is again worse than the
MEKAL +PSHOCK model (with solar abundances), im-
plying that the data favor the thermal model.
Adding a power law component to the MEKAL
+PSHOCK model (shown in Table 3) improves the fit (an
F-test yields a probability of 5 × 10−4). The MEKAL
+PSHOCK +POWER law model yields kTs=1.44 keV
and n0t=8.6×10
10 (cm−3 s) for the hard component. The
power law component is characterized by a photon index Γ
∼ 1.5, and a flux, Fx (5–15 keV) ∼ 1.2 ×10
−12 erg cm−2 s.
However, the complexity of the model used and the high
contamination by the Galactic ridge leave its parameters
highly uncertain. We note that fits to the ASCA hard
band (4-9 keV) plus the PCA spectrum (5–15 keV) with a
PSHOCK model (as described in the previous section) do
not require an additional power law, as the derived shock
temperature kTs=2.3 (2.1–3.1) keV is higher than the tem-
perature derived above (kTs=1.44 keV). In summary, the
RXTE data favor a thermal model for the hard compo-
nent, and do not allow us to constrain the parameters of
an additional power law component, due to the complexity
of the model used, the large number of fitted parameters,
and the uncertainties in modeling the background.
6. TIMING RESULTS
To search for pulsations in the ASCA data, we extract
the source events using the GIS detectors in the high-bit
rate mode, with the standard time resolution of 62.5 mil-
liseconds. We perform power spectral density (PSD) anal-
ysis on the barycenter corrected photon arrival times and
search for pulsations in the 0.01–8 Hz frequency range.
The upper frequency is dictated by the time resolution of
the data. No pulsations were found at a significant level
(≥ 3σ).
We computed PSD analyses at two energy bands: soft
(0.5–2.4 keV) and hard (2.5–10 keV). We bin the data into
0.5 s bins, and perform a long FFT on the background-
subtracted, binned light curves. This allowed us to search
for pulsations up to 1 Hz. For the higher frequency range
(up to 8 Hz), we use the 62.5 millisecond time resolution
and performed average FFT’s with 512 s length each.
We find some interesting peaks, but no detection was
found with a high confidence level. We subsequently fold
the data at the peaks determined from the PSD’s using a
Z2n test. At the soft energies, no pulsations were found at
a level ≥ 3σ, and the pulsed fraction is ≤ 7% in the 0.01–8
Hz range. At the higher energies (2.5–10 keV) range, no
pulsations were found with a confidence level ≥ 1σ, and
the pulsed fraction was ≤ 12%.
We use the RXTE data to search for higher frequency
pulsations. The PCA data observed with Good Xenon
modes provide a µs time resolution. We select the events
in the 5–20 keV energy range and from the top layer in
order to maximize the signal to noise ratio. We apply
the barycentric correction, and compute average FFT’s to
search for any coherent pulsations up to 128 Hz. No pul-
sations were found. The upper limit on the pulsed fraction
is ∼ 15% in the 5–20 keV range (where we have estimated
that ≤ 10% of the source count rate originates from a ple-
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rion).
7. DISCUSSION
7.1. The diffuse emission
In the following, we discuss the origin of the diffuse X-
ray emission in the light of the interaction between the
SNR material and the surroundings. In the standard pic-
ture of the X-ray emission from young SNRs, the soft com-
ponent arises from shocked ejecta and the hard component
is usually attributed to the blast wave. For this remnant,
we find that high metal abundances improve the spectral
fitting, suggesting that at least part of its X-ray spectrum
may be associated with the ejecta. While the absolute val-
ues of the abundances are model dependent, we find that
the hard component (4–9 keV) could be fitted with a NEI
model (PSHOCK ) with solar abundances, and does not
require large metal abundances. It is therefore reasonable
to assume that the hard component is associated with the
blast wave, and the soft component with the ejecta, most
likely of a core-collapse SN as derived from the observed
abundance pattern. It is also possible that the hard com-
ponent is not due to material shocked by the blast wave,
but results from the shock entering very low-density re-
gions, and that we should interpret the soft component as
a Sedov blast wave. We discuss both these possibilities
below.
7.1.1. Young, Ejecta-Dominated Remnant of a
Core-Collapse SN
If 3C 397 is an ejecta-dominated SNR and the hard com-
ponent associated with the blast wave, then we may esti-
mate the parameters of the SN explosion using the Se-
dov model (Table 1). We use a distance of 10 kpc to
3C 397, and estimate the physical parameters in units
of D10. From the equation in HSC 83 below Equa-
tion (10), we can convert the measured emission mea-
sure (EM) into an upstream density n0. From the
ROSAT HRI image (DR 99), the mean angular radius
is about 1.′8, implying rs = 5.3D10 pc. From Table 1
(PSHOCK + SEDOV non-equipartition fit, last row),
we determine
∫
nenHdV = 10
14(4piD2)(EM) = 8.4 ×
1058D210 cm
−3; then from HSC 83: n0(EM) = 5.64 ×
10−29rs(pc)
−3/2
(∫
nenHdV
)1/2
= 1.33D
−1/2
10 cm
−3. This
implies a swept-up mass of 29M⊙ (assuming a mean mass
per particle µ of 1.4), consistent with a massive progenitor
and an evolutionary stage between ejecta-dominated and
Sedov. The parameters of the SN derived using the Sedov
non-equipartition fit to the hard component are summa-
rized in Table 5.
The Sedov spectral fit actually overdetermines the SNR
parameters, since from the observed shock temperature
and ionization time-scale alone we can find the rem-
nant age and upstream density. Equations (4a – 4f) in
HSC 83, with our measured values of Ts = 2.01 × 10
7
K and n0t = 9.6 × 10
10 cm−3 s, give vs = 1, 190 km
s−1, E0 = 0.83 × 10
51D210 erg, t = 1, 750D10 yr, and
n0(Sedov) = 1.73D
−1
10 cm
−3.
This value of n0 is, within the various uncertainties, con-
sistent with that determined from the measured EM . The
swept-up mass from n0(Sedov) is 40 M⊙; in either case,
we find a large mass, indicating massive progenitor, since
if the ejected mass were only 1.4 M⊙, the remnant should
show little or no evidence of ejecta by this time. In gen-
eral, the morphology of the remnant, its location in the
Galactic plane, and the suggestion that the soft compo-
nent dominating the X-ray spectrum is due to ejecta, favor
a core-collapse explosion.
We note that using the fit to the hard component only
(4-9 keV), the PSHOCK model yields a higher temper-
ature kTs=2.45 keV (1.8–4.2 keV), and a slightly lower
ionization time-scale τ=n0t= 3.1 (1.5–8.3) ×10
10 cm−3
s. The observed emission measure of EM=0.0224 corre-
sponds to
∫
nenHdV = 2.7 × 10
58 cm−3. If the emission
volume V = fVtot, with f the filling factor, we find an
upstream density n0 = 0.27f
−1/2 cm−3 implying a shock
age t = 4, 100 (1, 600 − 9, 500) f1/2 yr. For a reasonable
filling factor of 0.25, these estimates are quite compara-
ble to those from the Sedov fits above and strengthen our
confidence in them.
We have thus accounted satisfactorily for the gross rem-
nant properties using only the high-temperature compo-
nent of the X-ray emission. What, then, of the low-
temperature component (Table 1) with an emission mea-
sure larger by about 600. If that component represents
shocked ejecta, its mass cannot greatly exceed that of
shocked ISM. The only way the emission measure can be
greatly increased is if that material is very highly concen-
trated in small regions, since for a given total mass Mej,∫
nenHdV ∝M
2
ejf
−1
ej with fej the ejecta filling factor. Our
fits then suggest that the ejected material, which is un-
likely to comprise more than half the swept-up mass of
order 30 M⊙, is concentrated in very small regions. The
ROSAT HRI image (Figure 12, DR 99), sensitive to the en-
ergy range from 0.4 to 2 keV, should illustrate the spatial
location of the soft component material. That material
appears to be distributed more or less like the radio emis-
sion, largely concentrated near the edges (especially the
western edge), with a small, bright region in the interior.
However, if that material is concentrated into knots, the
image might resemble what is observed. A good exam-
ple of such clumpy ejecta is provided by optically-emitting
O-rich knots in Cas A, which are the most dense, unde-
celerated ejecta fragments plowing through the ambient
circumstellar medium. Because of their high velocities,
pressures in these knots are much higher than in the bulk
of the shocked ejecta. We envision a similar situation in
3C 397, where the soft X-rays with a large emission mea-
sure are produced by dense, fast-moving ejecta clumps,
while emission from the large-scale reverse shock should
be harder and much fainter. The ram-pressure compressed
clumps of ejecta must be at pressures at least an order of
magnitude higher than the pressure of the ambient, much
more tenuous X-ray emitting gas, because of the factor
of 600 larger EM for the soft X-ray component (we ex-
pect at most a factor of ∼ 50 − 100 larger EM for the
X-ray emission from a large-scale reverse shock). Future
high spatial resolution observations with CHANDRA and
XMM should provide enough information to confirm or
refute this picture.
7.1.2. A Medium-Aged SNR in a Dense ISM
The soft X-ray component may alternatively be iden-
tified with the blast wave. While we obtained poor fits
with the SEDOV model, this component is well fit by the
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MEKAL model with temperature kTl = 0.175 keV (Ta-
ble 1). If this temperature is identified with the post-shock
temperature, we obtain 375 km s−1 for the blast wave
velocity. The preshock density n0 may be estimated by
noting (for comparable filling factors for the two compo-
nents) that n0 ∝ EM
1/2 and that the emission measure
ratio between the low- and high-temperature component
is equal to ∼ 600. This gives n0(EM) = 33D
−1/2
10 cm
−3, or a mean postshock electron density of about 160
cm−3, implying that the SN progenitor exploded in a par-
ticularly dense environment. When combined with the
remnant’s angular size, we obtain the total swept mass
Ms = 570D
5/2
10 M⊙. Assuming that the remnant’s dy-
namics can be well described by a Sedov dynamics, we
estimate the total SN kinetic energy E at 1.2× 1051D
5/2
10
ergs, parameter η = n20E = 1.1 × 10
54D
3/2
10 ergs cm
−6,
ionization timescale n0t = 5 × 10
12D
3/2
10 cm
−3 s, and the
SNR age t = 5300D210yr. At this stage of its evolution, the
remnant may be at the transition from the Sedov stage to
the radiative stage, because this transition should occur
at ttr = 2.9 × 10
4E
4/17
51 n
−9/17
0 yr = 5000 yr, an age equal
to the estimated SNR age.
The high-temperature component in this picture of a
middle-aged SNR must come from the hot interior of
3C 397, occupied by gas shocked by a high velocity shock
earlier in the evolution of the remnant. It is likely that
this gas completely fills the remnant’s interior, i. e., its
volume filling fraction is equal to ∼ 0.75. With this filling
fraction, we deduce that its electron density ne is approx-
imately equal to 2.5 cm−3. Because ionization timescale
of this hot component is equal to n0t = 3.9 × 10
10 cm−3
s (or net = 1.9 × 10
11 cm−3 s) in the NEI model (Ta-
ble 1), the hot gas was shocked about net/ne ∼ 2500 yr
ago, certainly a reasonable timescale for a 5000 yr old rem-
nant. The mass of the hot gas is equal to 30 M⊙, and its
pressure appears to be 6–8 times lower than pressure in
the low-temperature component. This is somewhat lower
than a ratio of 3 expected in a Sedov model. It is possible
that the volume filling fraction of the high-temperature
component is 2–3 lower than we assumed, and then its
pressure would be higher than derived above. If this is the
case, then most of the SNR volume would have to be occu-
pied by a very tenuous hot gas with a negligible emission
measure.
The origin of the high-temperature component is not
clear in the framework of the middle-aged SNR. Its pres-
ence may indicate significant departures from a uniform
ambient medium, because Sedov models cannot produce
such a strong high-temperature component. Because mass
of the hot interior gas is nearly 20 times smaller than the
mass of the swept shell, this material was shocked early
in the evolution of the remnant, and originated relatively
close to the SN progenitor. We expect the SN progenitor
to be a massive star, which is likely to be found near the
place of its birth and associated with dense ISM. But mas-
sive SN progenitors modify the distribution of the ambient
medium in its vicinity, blowing stellar winds and creating
dense gaseous shells. We then would naturally expect de-
viations from the Sedov dynamics early in the evolution
of the remnant. Perhaps the hot-temperature component
is the relic from earlier stages of the SNR evolution, when
the blast wave encountered an ambient medium strongly
modified by the SN progenitor.
Another possibility is that the overall dynamics of
3C 397 are poorly described by the Sedov solution. We
have already concluded that radiative cooling is likely to
be important in the 3C 397 shell, which could decrease
the shell temperature and enhance soft X-ray emission.
The ambient ISM may also be clumpy, a likely possibil-
ity in view of a generally inhomogeneous nature of dense
ISM, which could also affect the remnant’s dynamics and
its X-ray emission. Finally, neglected physical processes
such as electron thermal conduction may have caused sig-
nificant departures from the Sedov solution. For example,
Cox et al. (1999) estimate that the central density at the
time of transition from the Sedov stage to the radiative
stage is approximately 10 times lower than the preshock
density in SNR models with thermal conduction. Because
the density ratio between the preshock gas and the high-
temperature component in 3C 397 is also of this order,
we attempted to fit ASCA spectra with the thermal con-
duction models kindly provided to us by Randall Smith
(these models were used by Shelton et al. 1999 to model
SNR W44). While the resulting fits have not produced
better results that our one-component fit with the SE-
DOV model, models with thermal conduction are still a
viable alternative because the existing set of models was
designed for SNRs with much lower preshock densities,
such as W44. A more serious problem might be the lack
of evidence for elemental enrichment in the hot compo-
nent, as we would expect a moderate enhancement of Fe
in the remnant’s interior. A detailed study of the 3C 397
dynamics, clearly outside the scope of our present work,
is required in order to understand the nature of the high-
temperature component in the framework of a middle-aged
SNR.
7.2. A hard non-thermal tail?
In the following, we discuss the possibility that the hard
component is synchrotron emission from highly relativistic
particles accelerated at the SNR shock. We show that a
power-law description results in reasonable parameter val-
ues, while a somewhat better motivated cutoff synchrotron
model (Reynolds 1998) describes the data as well, giv-
ing results consistent with Reynolds and Keohane (1999)
which involved highly simplified spectral fits. For power-
law models, the index, Γ, is highly dependent on fitting the
soft component, being steep (Γ ∼ 3.4) when the soft com-
ponent is fitted with a MEKAL or PSHOCK model, and
harder for a Sedov fit (Γ ∼ 2). In the following, we esti-
mate the equipartition magnetic field and the non-thermal
energies, whose values are not too sensitive to the power
law photon index. Using the power law fit parameters to
the hard component only (4–9 keV), the photon index Γ is
3.4, and the flux Fx (4–9 keV) is 3.8 × 10
−12 erg cm−2 s−1,
corresponding to a luminosity Lx (4–9 keV) of 4.5 × 10
34
D210 erg s
−1 (unabsorbed). We use the ASCA hard band
only since the PCA spectral fitting is highly dependent on
the emission from the Galactic ridge. Assuming equiparti-
tion between energy in the relativistic electrons and mag-
netic fields, we estimate a magnetic field B ∼ 1.2×10−5
(fsθ
3
1.8D10)
−2/7 G, where fs is the fraction of the flux that
is synchrotron radiation. The total energy in the electron
distribution out to X-ray emitting energies is Ue ∼ 0.7 ×
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1045 B2−5 erg; B−5 being the magnetic field in units of 10
−5
G. This represents a small fraction of the SN explosion en-
ergy. The synchrotron lifetime of an electron emitting ∼ 9
keV X-rays is τ1/2 ∼ 650 B
−3/2
−5 years. The typical electron
energies producing the synchrotron photons of energy Eγ
can be estimated to be Ee ∼ 150 B
−1/2
−5
(
Eγ
9 keV
)1/2
TeV.
A power-law spectrum is not expected to arise natu-
rally in the high-energy part of the electron spectrum;
rather, one expects a slow rolloff from the low-frequency
synchrotron power-law. The simplest description of this
rolloff is the synchrotron spectrum from an exponen-
tially cut off power-law electron distribution N(E) =
KE−s exp(−E/Emax), the “cutoff” synchrotron model
(Reynolds 1998), called SRCUT in XSPEC. In SRCUT ,
the fitted roll-off frequency, νroll, is related to the cutoff
electron energy, Emax, via the relation: νroll ∼ 0.5 × 10
16
B
10−5G
(
Emax
10 TeV
)2
Hz. Using the fitted value of νroll = 2.89
× 1016 Hz, and an equipartition magnetic field of 10µG,
we estimate a cutoff electron energy of 24 B
−1/2
−5 TeV.
This value is in agreement with the upper limit derived
by Keohane (1998) and Reynolds and Keohane (1999). A
synchrotron explanation for the hard component results in
reasonable parameters whether it is described by a power
law or by the cutoff model; better observations will be
needed to see if such a component is demanded by the
data.
7.3. A hidden plerion?
The presence of a pulsar-powered component (plerion)
is suggested by the HRI image showing the hot spot at
the center of the remnant. We subsequently estimate the
intrinsic parameters from a hidden pulsar taking the hard
component luminosity as an upper limit on a plerionic con-
tribution. We assume a Crab-like plerion, and use the em-
pirical formula derived by Seward & Wang (1988), logLx
(erg s−1) = 1.39 logE˙ -16.6; where Lx represents the X-
ray luminosity of the plerion in the 0.2–4 keV band. The
power law model for the hard component implies an ob-
served flux Fx (0.2–4 keV) = 6.2 × 10
−12 erg cm−2 s−1;
which translates to a luminosity Lx (0.2–4 keV) = 4.7 ×
1036 erg s−1 (after correction for absorption). This im-
plies a spin-down luminosity of E˙ ≤ 2 × 1038 erg s−1,
and a period of P ≥ 0.08(s) (t3 E˙38)
−1/2; where E˙38 is
the spin-down luminosity in units of 1038 erg s−1, and t3
is the pulsar’s age in units of 103 years. We stress that
these parameters are derived assuming that the hard com-
ponent arises entirely from a plerion. These are extreme
limits since the hard band GIS image indicates that the
hard X-ray emission peaks at the western lobe, with some
emission from the central spot (Figure 2). Assuming that
only ∼ 10% of the hard component arises from the cen-
tral hot spot, then the spin-down luminosity would be ≤
4×1037 erg s−1, and the period P ≥ 0.12 t3
−1/2 s.
A synchrotron component in the X-ray spectrum of
3C 397 could be also associated with a central engine
injecting relativistic particles, which as they encounter a
strong shock, would produce the high-energy non-thermal
tail (up to ≥ 9 keV). Such a process is known to occur in
the SNR W50 powered by the jet source SS433 (Safi-Harb
& Petre 1999 and references therein). The axial ratio of
2:1 in 3C 397 is similar to that in W50, in which the bloat-
ing results from the interaction between the jets in SS433
and the SNR shell.
8. SUMMARY AND CONCLUSIONS:
We have presented ROSAT, ASCA, and RXTE obser-
vations of 3C 397. The ROSAT high-resolution HRI im-
age shows a central hot spot, possibly associated with a
compact object whose nature remains a mystery, as no X-
ray pulsations nor a radio counterpart have been found.
The ASCA and ROSAT images show that the remnant
is highly asymmetric, having a double-lobed morphology
similar to the radio shell. The hard band image obtained
with the ASCA GIS overlayed on the ROSAT HRI image
shows that the hard emission peaks at the western lobe,
with little hard X-ray emission originating from the central
spot.
The spectrum is heavily absorbed, and dominated by
thermal emission with emission lines evident from Mg, Si,
S, Ar and Fe. Single-component models fail to fit the
ASCA spectra (0.6-9 keV). Even a SEDOV model (a NEI
model including a range of temperatures) does not account
for the emission above ∼ 4 keV. Two components, at least,
are required to fit the data: a soft component, character-
ized by a large ionization time-scale, and a hard compo-
nent, required to account for the Fe-K emission line and
characterized by a much lower ionization time-scale. We
use a set of NEI models, and find that the fitted parame-
ters are robust. The temperatures from the soft and hard
component are ∼ 0.2 keV and ∼ 1.6 keV respectively. The
corresponding ionization time-scales n0t are ∼ 6 × 10
12
cm−3 s and ∼ 6 × 1010 cm−3 s respectively. The large
n0t of the soft component indicates that it is approaching
ionization equilibrium, and it can be fitted equally well
with a collisional equilibrium ionization model. The 5–15
keV PCA spectrum, though contaminated by the emission
from the Galactic ridge, allowed us to confirm the thermal
nature of the hard X-ray emission. Fitting the hard com-
ponent (5–15 keV band) yields, however, a higher shock
temperature (kTs ∼ 2.3 keV) than the one derived from fit-
ting the entire band with two-component models (Table 1).
A third component originating from a pulsar-driven com-
ponent is possible, but the contamination of the source
signal by the Galactic ridge did not allow us to determine
its parameters, or find pulsations from any hidden pulsar.
We discuss the two-component model in the light of two
scenarios: a young ejecta-dominated remnant of a core-
collapse SN, and a medium-aged SNR in a dense ISM.
In the first scenario, the hot component would arise from
the blast wave and the soft component from the ejecta.
The derived age (a few thousand years) and the presence
of a central X-ray source makes 3C 397 similar to the
young SNRs G11.2–0.3 (Vasisht et al. 1996), Kes 73 (Got-
thelf & Vasisht 1997), and RCW 103 (Petre & Gotthelf
1998). G11.2–0.3 harbors a hard X-ray plerion powered
by a fast millisecond pulsar (Torii et al. 1997). Kes 73 and
RCW 103 harbor radio-quiet X-ray sources: an anomalous
X-ray pulsar in Kes 73 (Vasisht & Gotthelf 1997), and a
low-mass X-ray binary candidate in RCW 103 (Garmire et
al. 2000, IAU Circ 7350). If a central neutron star exists
in 3C 397, as suggested by the ROSAT HRI image, then
it must be radio quiet. The absence of both a radio spot
and X-ray pulsations could be then attributed to a cooling
neutron star, an anomalous or binary X-ray pulsar, or a
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weak X-ray plerion buried underneath the SNR. ROSAT
did not allow an accurate measurement of its spectrum due
to the heavy interstellar absorption towards 3C 397, and
the narrow energy band of ROSAT. Future CHANDRA
observations will unveil its nature. We note that recently,
CHANDRA observations of CasA SNR revealed a central
radio-quiet X-ray source (Pavlov et al. 2000), and that
a new 424 ms (radio-quiet) X-ray pulsar has been discov-
ered with CHANDRA observations of the SNR PKS 1209-
52 (Zavlin et al. 2000). The hybrid X-ray morphology of
3C 397, with both shell and central emission, combined
with its age, makes it a unique SNR–perhaps a transition
object from a shell (like the historical SNRs) into a com-
posite that is well into the Sedov phase of evolution (like
Vela).
In the second scenario (a middle-aged SNR), the soft
component would represent the emission from the SNR ex-
panding in a dense medium. The hard component would
arise from the hot interior shocked by a fast shock earlier in
the evolution of the remnant. Alternatively, a Sedov model
invoking thermal conduction would modify the Sedov dy-
namics, and produce a hot inner component (as was pro-
posed for the SNR W44; Cox et al. 1999). In this scenario,
the SNR would be entering its radiative phase, and would
emit in the infrared. A 1ks exposure obtained with the
two-micron All-Sky Survey (2MASS) Infrared telescope at
IPAC reveals, in the J band, faint diffuse emission in the
northern part of the SNR (J. Rho, private communica-
tion). The extent of the diffuse emission to the west is,
however, confused with bright stars in the field. No emis-
sion was detected from 3C 397 in the far infra-red. Fur-
thermore, HI and CO observations should reveal the pres-
ence of a radiative shell and its interaction with a dense
medium (as found for W44, IC 443, and 3C391: Chevalier
1999). To our knowledge, no evidence of an HI shell or
CO emission is found to be associated with 3C 397. The
current picture we present here is therefore marginally con-
sistent with this scenario, but it can not be excluded.
Differentiating between the two scenarios requires a
spatially resolved spectroscopy as well as more detailed
modeling (which is outside the scope of this paper). In
particular, high spatial resolution X-ray data combined
with broadband energy coverage is required to resolve
the central component from the outer shell, and unveil
the nature of the mysterious X-ray spot. This could be
achieved with CHANDRA and XMM. Furthermore, fu-
ture gamma-ray observations with high-spatial resolution
(such as GLAST ) will help look for a high-energy tail and
test for models with a radiative shell. Since 3C 397 is heav-
ily absorbed, infra-red observations will be crucial to trace
the presence of radiative shocks. In particular, searching
for [OI] 63µm line emission will be a powerful probe to
test for the radiative model. Finally, observations with
millimeter telescopes will enable us to get a better esti-
mate of the kinematic distance to 3C 397, and measure
the density profile of the medium into which it is propa-
gating. We have observed 3C 397 with the SEST telescope
(Chile), and the data are in the process of being analyzed
(Durouchoux et al. in preparation).
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Table 1
Two-component model fits to the SIS and GIS spectra.
Modela Soft Hard χ2ν (ν)
PSHOCK + PSHOCK kTl = 0.19 (0.185–0.2) keV kTh = 1.52 (1.4–1.62) keV 1.37 (729)
n0t
b (cm−3 s) τl = 5.5 × 10
12 τh = 5.9 (4.1–9.8) ×10
10 –
EM c 31.5 (24–42) 0.053 (0.048–0.057) –
Lx
d 4.8×1038 2.65×1036 –
MEKAL + NEI kTl = 0.175 (0.17–0.18) keV kTh = 1.5 (1.34–1.60) keV 1.57 (730)
n0t (cm
−3 s) – τh = 3.9 (3.1–5.5) ×10
10 –
EM 43.5 (33–57) 0.057 (0.050–0.068) –
Lx 5.5×10
38 1.58×1036 –
MEKAL + PSHOCK kTl = 0.175 (0.172–0.18) keV kTh = 1.5 (1.39–1.61) keV 1.6 (730)
n0t (cm
−3 s) – τh = 8.5 (5.7–16) ×10
10 –
EM 43.5 (33–56)b 0.057 (0.048-0.068) –
Lx 5.5×10
38 2.2×1036 –
MEKAL + SEDOV (Te = Ti) kTl = 0.174 (0.17–0.18) keV kTh = 1.14 (1.0–1.29) keV 1.66 (730)
n0t (cm
−3 s) – τh = 1.1 (0.8–2.0) ×10
11 –
EM 43.5 (30–56) 0.063 (0.053–0.083) –
Lx 5.5×10
38 1.21×1037 –
MEKAL + SEDOV (Te 6= Ti) kTl = 0.177 keV kTs = 1.735 (1.65–1.9) keV 1.65 (730)
kTe = 0.87 (0.8–0.9) keV –
n0t (cm
−3 s) – τh = 1.17 (0.8–1.85) ×10
11 –
EM 39 0.065 (0.058–0.068) –
Lx 4.9×10
38 5.9×1036 –
PSHOCK + SEDOV (Te 6= Ti) kTl = 0.187 keV kTs = 1.73 (1.54–1.91) keV 1.39 (729)
kTe = 0.86 (0.79–0.93) keV –
n0t (cm
−3 s) τl = 1×10
13 τh = 9.6 (7.4–11.8) ×10
10 –
EM 39 0.070 (0.066–0.076) –
Lx 4.8×10
38 9.8×1036 –
a The NEI models used are NEI (constant-temperature single-ionization timescale NEI model), PSHOCK (plane-parallel
NEI shock model), and the SEDOV models (Borkowski et al., in preparation). The subscripts l and h refer to the low-
energy and high-energy components respectively.
b Ionization time-scale; n0 is the preshock hydrogen density
c The emission measure in units of 10
−14
4piD2
∫
(nenHdV )(cm
−5).
d The X-ray luminosity in the 0.5–9 keV range (at a distance of 10 kpc).
Table 2
PCA observation segments of 3C 397.
Observation Number Date Time (×104 s) PCAL7 ( counts s
−1 )a
01-00 1997-12-03 1.034 12.90 ± 0.07
01-01 1997-12-04 1.216 13.74 ± 0.06
01-02 1997-12-06 0.488 14.97 ± 0.10
01-03 1997-12-07 1.240 13.27 ± 0.06
01-04 1997-12-08 0.952 12.70 ± 0.07
01-05 1997-12-08 0.910 12.85 ± 0.07
a Background-subtracted count rates in the 5–15 keV range, using the L7/240 background model. The uncertainties
reflect the statistical errors only, and do not include any systematic errors associated with the background subtraction.
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Table 3
The ASCA and PCA data fitted in the 0.6-15 keV range. The model consists of a MEKAL component to
account for the soft component, and a PSHOCK component to model the hard emission. The Galactic ridge
was fitted with the two-component model of VM 98
Model Soft Hard
MEKAL +PSHOCK kTl = 0.175 kTh = (1.46-1.54) keV
Ionization time-scale – n0t = (5.3–9.6) × 10
10 (cm−3 s)
EMa 43 0.058 (0.054–0.061)
Galactic ridge kT aRS=3.2 keV Γ
a
power law=1.7
NormbRS = 1.315×10
−2 Normcpower law = 7.227 × 10
−3
a in units of 10
−14
4piD2
∫
(nenHdV )(cm
−5)
b Frozen
c in units of ph cm−2 s−1 keV−1 at 1keV
Table 4
The ASCA data fitted with a MEKAL model (soft) and a nonthermal component (hard) – a power law or
SRCUT . A Gaussian line was added near 6.55 keV to account for the emission from Fe-K.
kTl (MEKAL ) Non-thermal Model χ
2
ν(ν)
0.18 keV Γa=4.3 1.75 (729)
0.21 keV νbroll=2.9×10
16 (Hz) 1.95 (730)
a Power-law photon index
b Roll-off frequency using the SRCUT model
Table 5
The parameters of the SN explosion derived from using the Sedov non-equipartition (Te 6= Ti) fit to the hard
component. The parameters were derived starting with the fitted EM value.
Shock temperature, kTs (keV) 1.54–1.91
Ionization time-scale, n0t (cm
−3 s) (1.5 – 2.4) ×1010
Shock velocity, vs (km s
−1) 1,140–1,270
Age, t (yrs) 1,800 – 2,800
Ambient density, n0 1.29 – 1.38
Explosion energy, E0 (ergs) (0.62− 1.0)×10
51
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Fig. 1.— The ASCA GIS images of 3C 397 in the soft (0.5-4.0 keV, left panel) and hard (4.0–10 keV, right panel) energy bands. The
images are 12′ × 12′, centered at the bright hot spot seen with ROSAT HRI, corrected for vignetting and exposure, and smoothed with a
Gaussian of σ = 45.′′. Contours are overlayed on the images with a linear scale.
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Fig. 2.— The ROSAT HRI image of 3C 397 (left panel) shown with the ASCA GIS image at the hard enery band (4–10 keV; right panel).
Both images are 6.′8 × 6.′8 centered at the bright hot spot shown in the HRI image, and smoothed with a Gaussian of σ = 8′′ (45′′) for
the HRI (GIS) image. Contours are overlaid on the images with a linear scale. For the GIS hard band image, we denote the position of the
bright spot by a cross, and overlay contours from the soft energy band (0.5–4 keV) in order to show that 1) the X-ray emission is not peaked
at the bright spot and 2) the hard X-ray emission is more elongated than the emission at the soft energies.
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Fig. 3.— The ROSAT PSPC (0.1–2.4 keV) image displayed with the SIS contours corresponding to the hard band (2–10 keV). The image
is smoothed with σ = 45′′ (SIS), and 30′′ (PSPC).
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Fig. 4.— The softness ratio map (left) and the soft (0.5–4 keV) image (right) obtained with the SIS. The images are 6′.8×6′.8, centered
at α = 19h 07m 34s.6, δ = 07o 08′ 34′′.7 (J2000). Contours are overlaid from the ROSAT HRI image (0.1–2.0 keV), with a linear scale. The
softness ratio is defined as: (0.5–2 keV)/(2–4 keV).
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Fig. 5.— The ASCA data (SIS0, SIS1, GIS2, and GIS3: crosses) fitted with a SEDOV equipartition (Te = Ti) model. The corresponding
temperature is kTs = 0.15 keV, and the ionization time-scale is n0t = 1.86 × 1012 s cm−3. The various lines represent the folded model for
each instrument.
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Fig. 6.— The ASCA data (SIS0, SIS1, GIS2, and GIS3) fitted with a two-component PSHOCK +PSHOCK model (Table 1, 1st column).
A Gaussian line has been added near 3.1 keV to account for the emission from Argon, which was not included in the PSHOCK model. The
various lines represent the folded model for each instrument.
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Fig. 7.— The confidence contours for fitting the hard component with a SEDOV model, assuming non-equipartition. The confidence levels
represent 1σ, 2σ, and 3σ ranges for the electron temperature, Te (keV), and the shock temperature, Ts (keV). The soft component was fitted
with a PSHOCK model.
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Fig. 8.— The ASCA and RXTE PCA spectra fitted with the two-component (MEKAL +PSHOCK model). The various lines represent
the folded model for each instument. The Galactic ridge was fitted with the two-component model of VM 98. A broad Gaussian line has
been added to the PCA spectrum to account for the Fe line feature.
